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Induction of Recombination Activating Gene Expression in a Human Lymphoid Progenitor Cell Line: Requirement of Two Separate Signals From Stromal Cells and Cytokines
By Hiromi Tagoh, Hiroyuki Kishi, Akiou Okumura, Taro Kitagawa, Takuya Nagata, Keiko Mori, and Atsushi Muraguchi
The activation and expression of recombination activating genes (RAGS) plays critical roles in V(D)J gene recombination machinery and lymphocyte development. We showed that RAG gene expression was induced in freshly isolated human bone marrow cells and a human lymphoid progenitor cell line, FL8.2.4.4, by coculture on a monolayer of a murine bone marrow-derived stromal cell line, PA6, in the presence of a mixture of recombinant cytokines. The RAG transcripts were detected 12 hours after initiation of culture, and the increased level was sustained at 24 hours. Among recombinant cytokines, interleukin-3 (IL-3). IL-6, and IL-7, but not IL-2, IL-4, stem cell factor (SCF), and granulocyte-macrophage colony-stimulating factor (GM-CSF) could induce RAG-l activation in FL8.2.4.4 cells, and a significant synergistic effect between IL-3, 11-6, and IL-7 was observed. Using a double chamber culture technique, it was shown that a cognate HE PRIMARY REPERTOIRE of B and T lymphocytes is generated by recombination signal sequence (RSS)-mediated DNA rearrangement known as V(D)J recombination, which joins variable (V), diversity (D), and joining (J) gene segments.' Two closely linked recombination activating genes (RAG), RAG-l and RAG-2, which synergistically confer on fibroblasts the ability to specifically rearrange transfected V(D)J recombination substrates have been isolated. 24 The expression of both RAG-l and RAG-2 genes was concordant and restricted to cell lines displaying V(D)J recombination and to developing lymphoid tissue^.^.^ Mice were made RAG-deficient, and it was found that both RAG-1 or RAG-2 gene-deficient mice lacked mature lymphocytes owing to the inability to initiate V(D)J rec~mbination.~,' Recently, it has been shown that RAG-l and RAG-2 proteins are sufficient to confer RSS-mediated DNA double-strand breaks in These data suggest that RAG-l and RAG-2 are essential to catalyze the V(D)J recombination reaction.
RAG expression and recombination activity are actively regulated during early development of T and B lymphocytes. In the T-cell lineage, RAG-l and RAG-2 are expressed transiently at two distinct differentiation stages of thymocytes.
One stage corresponds to T-cell receptor (TCR) P, y , and S gene rearrangement and the other to TCRa gene rearrangement." In the second stage, RAG-expression is shut off as a result of TCR engagement during positive election.^.^*-^^ In B-cell development, RAG-l and RAG-2 expression is found largely in the pro-B stage (B220+ CD43+) through small pre-B stages (B220+ CD43-) of murine bone marrow ~e11s.l~ Genes, factors, and signals that regulate RAG expression during lymphocyte development are poorly understood. Recently, it was reported that targeted disruption of the Ikaros gene, which encodes a zinc finger DNA-binding protein and is responsible for the transcription of CD36 and terminal deoxynucleotidyltransferase (TdT), resulted in the complete failure of B-and T-cell development in mice," indicating the possible involvement of Ikaros in RAG activation and interaction between FL8.2.4.4 cells and PA6 stromal cells was a prerequisite for RAG-l activation. Furthermore, RAG-I transcripts were induced in FL8.2.4.4 cells when they were cocultured on paraformaldehyde-fixed PA6 stromal cells in the presence of cytokines. These results suggest that two separate signals are both required for induction of RAG-l activation in lymphoid progenitors; one from the cell surface molecule(s) on stromal cells, and the other from the recombinant cytokineis). Finally, we showed that expression of RAG mRNA in FL8.2.4.4 cells was concomitant with induction of recombinase activity. This system may provide useful means for further understanding the mechanisms controlling RAG activation and lymphocyte development in the human system. 0 1996 by The American Society of Hematology.
VDJ-recombination machinery. Several studies showed that external reagents or factors perturb the V(D)J recombination activity, as well as RAG expression; compounds that raise intracellular cyclic 3',5'-adenosine monophosphate (CAMP), such as theophylline, increased the levels of RAG transcripts," whereas cross-linking of antigen receptors or treatment with phorbol myristate acetate (PMA) of thymocytes extinguished the expression of RAG transcript^.^^'^ Among cytokines, interleukin-7 (IL-7) was reported to show reciprocal effects on RAG-gene expression. IL-7 supported or induced the expression of the RAG genes and V(D)J rearrangement of TCRP or TCRy genes of murine fetal thymocytes and fetal liver cell^.^^^^" On the contrary, IL-7 suppressed RAG expression and V(D)J rearrangement in human or murine bone marrow cells (BM).2',22 These results suggest that the IL-7 is involved in the regulation of RAG expression and V(D)J rearrangement during both T-and B-lymphocyte development.
We have been involved in delineating the features of human lymphoid progenitors, as well as the environmental stimuli that influence the generation of human lymphocyte repertoires. We demonstrated that human lymphoid progenitors with biphenotypic surface markers of T and B lymphocytes (CD2CD19 double positive cells) existed in fetal livers 4464 TAGOH ET AL and fetal BM." We also showed that the biphenotypic acute lymphocytic leukemia (ALL)-derived leukemic lymphocyte precursors, with TdT' CD2+CDlO'CD19+ CD34' immunophenotype, differentiated into the pre-B cells after stimulation with PMA.'? To further delineate the feature of human lymphoid progenitors, we established and characterized the Epstein-Barr virus (EBV)-transformed cell lines from mononuclear cells in the human fetal liver at 8 weeks gestation. It was found that the established fetal liver cell lines retained germline configuration of Ig and TCR genes and expressed early lymphoid surface markers of CD2 and CD19, but not surface or intracytoplasmic Igs or TCRs. The cell lines did not express mRNA for RAG-l and RAG-2.24.2s From these findings, we have presumed that the established cell lines are lymphoid progenitor cells that have not yet been committed to either T or B lymphoid lineage and are thus useful for the study of the differentiation programs of human lymphoid progenitors.
In the present study, we have investigated the effects of recombinant cytokines and stromal cells on activation of RAGS in a human lymphoid progenitor cell line, FL8.2.4.4. Our data clearly show that the human lymphoid progenitor cell line requires two independent signals for RAG gene activation; one from cell surface molecule(s) on BM-derived stromal cells, and the other from cytokine(s) such as IL-3, IL-6, or IL-7.
MATERIALS AND METHODS
Recombinant cytokines. All cytokines used in this study were recombinant (r) cytokines. rIL-2 was kindly provided by Shionogi Pharmaceutical CO (Osaka, Japan); rIL-3, recombinant stem cell factor (rSCF) and recombinant granulocyte-macrophage colonystimulating factor (&M-CSF) by Kirin Brewery CO (Tokyo, Japan); rIL-4 by Ono Pharmaceutical CO (Osaka, Japan); rIL-6 from Ajinomot0 CO (Tokyo, Japan). rIL-7 was purchased from Pepro Tech Inc (Rocky Hill, NJ).
Cells and cell culture. Heparinized BM samples were obtained at surgical osteotomy from patients (12 to 30 years old) with osteoarthpathy. BM mononuclear cells (BM-MNC) were separated by the standard Ficoll-Hypaque gradient method. The viability was greater than 90% as determined by trypan blue exclusion.
FL8.2.4.4 (a human lymphoid progenitor cell line) was established in this laboratory." RPM11788 and Daudi (human B-cell lines), Nalm6 (human pre-B cell line), and U937 (human monocyte cell line) were obtained from Dr P. Ralph (Cetus Corp, Berkeley, CA). A description of these cell lines is provided by Minowada." PA6 (a murine BM-derived stromal cell line)27 and 3T3 (a murine fibroblast cell line) were obtained from Dr S-I. Nishikawa (Kyoto University, Kyoto, Japan). Cell lines were maintained in a culture medium (RPM11640 containing 5% heat inactivated fetal calf serum (FCS), 50 pmol/L 2-ME, 100 U/mL penicillin, 100 p g / m L streptomycin) at 37°C in a humidified C0,incubator. Only logarithmically growing cells were used for experiments.
For coculture of cells with the stromal cell line (PA6), PA6 monolayer was prepared by seeding PA6 cells ( RT-PCR and Southern blot analysis. The expression of human RAG-l mRNA was assessed by the RT-PCR method as described previously." A total of 2 pg of total RNA was reverse transcribed with 100 U of Moloney murine leukemia virus (M-MLV) reverse transcriptase in the presence of SO pmol of random primer (Takara Shuzo, Kyoto, Japan), 10 U of RNAsin (Promega, Madison, WI), 1 mmol/L dithiothreitol and 10 pmol of each deoxynucleotide (Takara Shuzo) in IO p L for 1 hour at 37°C. Five microliters of the reverse transcripts were amplified by PCR with 1.25 U of Taq DNA polymerase (Takara Shuzo) in a 50-pL reaction containing S0 pmol of each primer (see below), and 20 pm01 of each deoxynucleotide. Primers used were: R A G I sense primer, S'GAGAGCAGAGAA-CACACTTT3' (1-20 nt of the published cDNA)'; RAG-l antisense primer, S'CTTTTCAAAGGATCTCACCC3' (21 3-232 nt of the cDNA); RAG-2 sense primer, S'GCAGATGGTAACAGTCAG-TA3' (90-109 nt of the published cDNA)~; RAG-2 antisense primer, S'ATGGATGATGTATTGATGCT3' (344-363 nt of the published cDNA); hypoxanthine phosphoribosyltransferase (HPRT) sense primer, S'CTCCGCCTCCTCCTCTGCTC3' (12-31 nt of the published cDNA)**; HPRT antisense primer, S'TTGCGACCTTGA-CCATCTTT3' (550-569 nt of the cDNA). With these primers, PCR prducts were not detectable with RNA derived from murine PA6 cells. PCR was performed in a DNA Thermal Cycler (Perkin-Elmer/ Cetus) for 30 cycles (denaturation for I minute at 94°C; annealing for 2 minutes at 55°C; extension for 1 minute at 72°C). PCR products were separated on 2% agarose gels in TAE buffer, transferred CO Gene Screen Plus nylon membranes (DuPont, Boston, MA) and hybridized with a SzP-labeled oligonucleotide complementary to sequences within the region flanked by the PCR amplification primers. The membrane was washed to a final stringency of 2X SSC and 0.1 % sodium dodecyl sulfate (SDS) at 65°C. Autoradiography was performed using Fuji Rx film (Fuji Photo Film, Tokyo, Japan) at room temperature for 1 hour. Oligonucleotide probes were as follows: RAG-l, 5'AGGCAGCCTGCTGAGCAAGG (80-99 nt of the cDNA); RAG-2, S'TGCTACCTCCCTCCTCTTCG3' ( I 91-2 I O nt of the cDNA); HPRT, S'CCTGAGCAGTCAGCCCGCGC3' (50-69 nt of the cDNA). The quantity of radioactivity bound to specific PCR products was determined using an AMBlS radioanalytic imaging system (Automated Microbiology System Inc, San Diego, CA) or BAS2000 Bio-Imaging Analyzer (Fuji Photo Film CO, Tokyo, Japan). The radioactivities of RAG-I , RAG-2 and HPRT transcripts detected were linearly related to the amount of RNA used for cDNA synthesis (Fig 1 and data not shown) , showing that this PCR-assisted method is useful for quantitation analysis of RAG-I, RAG-2, and HPRT gene expression. The amount of the transcripts in FL8.2.4.4 cells was calculated by the standard curve that had been obtained using RNA from Nalm6 cells as shown in Fig 1. Recombinase acrivit). ussay and restriction enzyme unalysis. Cells (2 X IO" were suspended in 0.7 mL of chilled phosphatebuffered saline (PBS) with 30 pg of the vector DNA, MHSDR(l/ 2)ST-1329 (generously provided by Dr M. Abe, Radiation Effect Research Foundation, Nagasaki, Japan). Electroporation was performed at 270 to300 V and 960 pF using a Gene Pulser (Bio Rad, Richmond, CA). Transfected cells were placed on a monolayer of PA6 in a IO-cm diameter dish (Falcon) and cultured in 15 mL of culture medium containing rIL-3 (100 ng/mL), rIL-6 (20 ng/mL), and rIL-7 (10 ng/mL). After a 60-hour incubation, cells were collected and washed with PBS, and the plasmid DNA was recovered by the alkaline lysis procedure.'" Recovered plasmid DNA was introuse only. transformed lymphoid cell line derived from human fetal liver.
In the previous study, we reported the successful establkhand cloning of E B V -~~~~~~ cell lines derived from the human fetal liver."." The established cloned cell lines were thought to belong to the category of lymphoid progenitors because (1 ) they expressed early lymphoid surface markers of both T and B cells (CD2 and CD 19, resuec- To examine whether RAG expression is induced in lymphoid progenitors by coculture on stromal cell lines and recombinat cytokines, freshly isolated human BM-MNC from normal donors were cultured on PA6 stromal cells in the presence of a mixture of cytokines (rIL-2, rIL-3, rIL-4, rIL-7, rSCF, rGM-CSF) for 24 hours, and the levels of RAG-I and RAG-2 mRNA were determined (Fig  2) . Both RAG-I and RAG-2 transcripts were detected in freshly isolated BM-MNC before culture. The levels of RAG-I and RAG-2 mRNA increased about fivefold to sevenfold in 24 hours of culture in the presence of PA6 and the cytokines (Fig 2) , but they did not increase when BM-MNC were cocultured with 3T3 fibroblasts in the presence of the cytokines (data not shown). Thus, results in normal lymphoid progenitors are consistent with those in FL8.2.4.4 cells. The precise study as to which compartments of the cells in normal BM-MNC are induced to express RAG mRNA, or which signals are required for the induction of RAG expression in those cells was completely hampered by the limited number of normal BM-MNC. To overcome this problem, we further analyzed the mechanisms of RAG activation using an EBVtively), (2) they retained germline configuration of Ig and TCR genes, and (3) they did not express RAG-I mRNA. '5 To determine whether RAG expression is induced in the lymphoid progenitor cell lines by coculture on stromal cell lines and/or recombinant cytokines, one of the established lymphoid progenitor cell lines, FL8.2.4.4, were cocultured for 24 hours on a murine BM-derived stromal cell line, PA6, or a fibroblast cell line, 3T3, with or without a mixture of human recombinant. As shown in Fig 3, The kinetics of the induction of RAG-I mRNA was investigated by coculturing FL8.2.4.4 cells on PA6 in the presence of a mixture of cytokines for various durations (Fig 4) . RAG-I mRNA were induced 12 hours after initiation of culture, and the elevated mRNA level was sustained at 24 hours of culture. No RAG-l transcripts were detected during the 24 hour incubation of FL8. Fig 5B) .
RESULTS

Induction
To determine whether there is, if any, a synergistic effect between these three RAG-1 mRNA-inducing cytokines, FL8.2.4.4 cells were cocultured on PA6 for 24 hours in the presence of combinations of the suboptimal concentrations of each cytokine (Fig 6) . The level of RAG-l mRNA in FL8.2.4.4 cells rose IO-fold to 20-fold when the suboptimal concentrations of rIL-3, rIL-6, and rIL-7 together were added to culture. The combinations of each two cytokines (rIL-3 + rIL-6, rIL-3 + rIL-7, or rIL-6 + rIL-7) showed very little effect on RAG-l induction. These data show that among cytokines tested in this study, rIL-3, rIL-6, and rIL-7 can induce RAG-l mRNA in FL8.2.4.4 cells, and that there is a significant synergistic effect between these three cytokines on RAG-l activation in FL8. tains the heptamer-nonamer joining signals, as well as two Thus, the ratio of double resistant (Amp'Cam') colonies to genes conferring antibiotic resistance (Fig 9A) . Before reAmp'colonies reflects the fraction of DNA that is rearranged combination, the plasmid DNA confers ampicillin resistance at the heptamer-nonamer joining signal. We further tested (Amp'). After proper recombination, the plasmid DNA also whether a precise signal junction (heptamer to heptamer fugains chloramphenicol resistance (Cam'), as recombination sion) is formed in the recombinants by a restriction enzyme excises a transcription stop signal upstream of the chloramanalysis using ApaLl of plasmid DNAs recovered from the phenicol acetyltransferase (CAT) gene in the plasmid DNA. double resistant colonies (Fig 9B and C) . were cocultured on PA6 for various periods (2 t o 24 hours) in the presence or absence of a mixture of recombinant cytokines; rlL-2 (100 UlmL), rlL-3 (100 nglmL), rlL-4 ( l 0 UlmL), rlL-6 l20 nglmL), rlL-7 (10 nglmL), rSCF (100 n g l mL), rGM-CSF l100 nglmLI. After incubation, RNA was prepared from FL8.2.4.4 cells and RT-PCR for RAG-l and HPRT in the presence or absence of RT was performed. PCR products were visualized as described in the legend t o The recombination substrate was transfected into FL8.2.4.4 cells by electroporation. One half of transfected cells were cocultured on PA6 in the presence of cytokines and the remainder were cultured alone. After a 60-hour incubation, the plasmid DNA in FL8.2.4.4 cells was recovered, introduced into E coli, and the colonies were selected by Amp or by Amp and Cam. The plasmid DNAs recovered from the double resistant colonies were digested with ApaLl to identify the proper signal joining. As shown in Table 1 and Fig 8D, when FL8 I O Amp'Cam'ApaLI + colonies were obtained. As a positive control cell line with high recombinase activity, Nalm6 cell line that had been shown to express high levels of RAG mRNA" was used. As many as 488 Amp'Cam'ApaL1'colonies were detected after the recombination substrate was transfected into Nalm6 cells. In the present experiments, the level of recombinase activity in Nalm6 was about 100-fold compared with that seen in FL8.2.4.4 cells that had been cocultured on PA6 in the presence of cytokines. This difference of the levels of recombinase activity may reflect the levels of RAG-1 mRNA detected in these two cell lines, because Nalm6 expressed more than 100-fold RAG-I transcripts compared with the stimulated FL8. use only.
For is known as a mast cell growth factor, but it also induces growth and differentiation of hematopoietic progenitors.'6 Similarly, IL-6 is a well-known growth and differentiation factor for both B and T lymphocytes, but it exerts its effect on the hematopoietic precursors to drive them to proliferate and differentiate.35 Our data suggest that IL-3 and IL-6 acts, as a Table 1 and Nalm6 were cultured in medium alone (induction -1. After a 60-hour culture, cells were harvested and plasmid DNAs were recovered by an alkaline lysis method. One fifth of the recovered plasmid DNAs were transfected to E coli (DHIOB) and selected by ampicillin and ampicillin/ chloramphenicol. Nalm6 was used forthe positive control of cell line with recombinase activity. The plasmid DNAs of double resistant (Amp'Cam') colonies (50 from Nalm6 and 51 from FL8.2.4.4) were digested with ApaL1, and the sizes of DNA fragments were analyzed by agarose gel electrophoresis as shown in Fig 9. use only. downmodulates RAG expression of CD34+CD19+ population of human pro-B cells in vitro and CD19-ligation counteracts the IL-7 effect. Therefore, it is conceivable that the signal(s) from stromal cells may be a prerequisite for IL-7-induced RAG expression in human lymphoid progenitors.
We have not determined the effects of IL-11 and IL-12 on RAG-l activation in FL8.2.4.4 cells in this stromal cell-coculture system, simply because those recombinant products were not available. It may be possible that cytokines or cytokine combinations of IL-11 and IL-12 can induce RAG-l activation in FL8.2.4.4 cells, as they have direct and synergistic effects on generation of lymphoid cells from lymphohematopoietic progenitors in the semisolid culture ~ystem.'~. '' In the present study, we have shown that cognate interaction between FL8.2.4.4 cells and the PA6 cells is a prerequisite for RAG-l activation (Fig 6) . The molecule(s) on the stromal cells that activate RAG-l in FL8. Fig 1) . The result indicates that unknown surface molecule(s) other than SCF on PA6 stromal cells are responsible for RAG-1 activation in FL8.2.4.4 cells. Generation of monoclonal antibodies against either FL8.2.4.4 cells or PA6 cells that inhibit the RAG-1 activation should provide a powerful strategy for isolation and molecular characterization of the novel molecule(s) responsible for the RAG-l activation. Trials for producing such monoclonal antibodies are being performed in our laboratory.
How are RAG activation and transcription induced in FL8.2.4.4 cells after the cognate interaction with PA6 in combination with cytokine stimulation? The binding of ligands to the specific receptors may induce the activation of a variety of signal transduction pathways, as well as an assembly of multiprotein complexes capable of inducing RAG gene transcription. The latter transcription factors may function by binding to promoter or enhancer or both elements. In view of this, we recently cloned and characterized human RAG-I gene promoter to further understand the regulatory mechanism of RAG-l expression. It is noteworthy that a binding motif for NF-IL6,48,49 which regulates IL-6 and IL-6-inducible gene expression, is present at 5' upstream region of the major transcription start site of human RAG-1 gene (Kurioka et al, manuscript submitted). This motif might be involved in IL-6-induced RAG transcription in FL8.2.4.4 cells. This is merely a speculation and should be investigated at the molecular level.
In the present study, using the MHSDR( 1/2)ST-13 recombination substrate, we investigated the recombinase activity in unstimulated or stimulated FL8.2.4.4 cells. By coculture on the PA6 stromal cells in the presence of cytokines, the rearrangement of the introduced recombination substrate that made proper signal joints was induced in FL8.2.4.4 cells. However, no proper joints were produced in unstimulated FL8.2.4.4 cells (Table 1 and Fig 8) . The results show that the recombinase activity was induced with signals from stromal cells and cytokines. In this study, recombination frequencies were quite low even in Nalm6 cells, and this may, in part, be due to the inclusion of Amp' colonies derived from plasmid DNAs that attached to cell surface membranes and did not enter the cells. It is noteworthy that aberrant recombination occurred frequently in both unstimulated and stimulated FL8. Lymphoid precursors in normal BM cells were also induced to express RAG transcripts on PA6 stroma cells in the presence of IL-3, IL-6, and IL-7 (Fig 3) , indicating that RAG induction in FL8.2.4.4 cells in this coculture system may represent some stage of lymphocyte development. Thus, this system may provide useful means for further understanding the regulation of RAG gene expression during human lymphocyte development. 
